Sorghum hybrids are generally considered to be drought tolerant based on their yield performance in multi-locational trials. The present study was undertaken to test this hypothesis. A short duration hybrid, CSH-6, a long duration hybrid, CSH-9, their common male parent and both female parents were evaluated in the field in India under both rainfed and irrigated conditions during the rainy seasons of 1986 and 1987. Due to the low rainfall received in these years, the unirrigated treatments experienced severe water stress during the vegetative and post-anthesis periods. The hybrids produced more leaf area and dry matter than their parents even under water stress. The values for the physiological traits examined either resembled those of one of their parents or were intermediate between them. The hybrid CSH-6 produced more grain than its female parent under rainfed conditions but, due to the severe water stress, neither CSH-9 nor its parents exhibited panicle emergence. The results suggest that crop phenology is very important for the production of grain yield under severe water stress. Given knowledge of rainfall characteristics and probable periods of drought within specific regions, it should be possible to breed phenologically and physiologically adapted hybrids for specific environments.
INTRODUCTION
Grain sorghum is an important crop of the semi-arid tropics, including India. It is the main source of food and fodder for resource-poor dryland farmers, but yields are severely affected by drought. Research has long been directed towards understanding the problem of drought and its management.
In India, several sorghum hybrids and cultivars with high potential productivity have been produced and released. It has been observed during multilocational testing that hybrids were more stable than varieties in terms of grain yield (Rao et al. 1986 ; Khanna-Chopra & Sinha 1993) . Since the availability of soil moisture is an important variable in multilocation testing in India, it has been inferred that hybrids may be more drought tolerant than varieties (Rao et al. 1989) . In most of these trials, however, there was no adequate quantification of soil moisture availability and water use. Therefore, the conclusion that hybrids are more drought tolerant than varieties is not supported by extensive data on water use. Studies of the expression of heterosis in water-limited environments are very few. O'Neil et al. (1983) and Hoffman et al. (1984) evaluated the response of six sorghum hybrids and their parents for two years under irrigated and non-irrigated conditions and found that the hybrids produced greater grain yields than their parents in both treatments. Haussmann et al. (1994) examined the expression of grain yield in several single-cross sorghum hybrids and their parental lines across several environments in Kenya reflecting a wide range of drought patterns and stress intensities. In all environments, the hybrids significantly outyielded their homozygous parental lines. Blum et al. (1990) examined the expression of heterosis in hybrids of sorghum and their parental lines under irrigated and pre-anthesis drought environments. Significant heterosis was observed for biomass, grain yield and grain number per panicle, but not for harvest index suggesting that heterosis in grain yield was due to heterosis in biomass.
Studies of the drought response of hybrids and their parents offer an opportunity for an improved understanding of the genetic and physiological basis of adaptation to water stress. A study was therefore carried out to obtain answers to the following questions : (a) are sorghum hybrids more drought tolerant than their parents ? ; (b) if so, what are the specific physiological and phenological inherited parameters that confer drought tolerance ; and (c) is the greater biomass and grain yield of hybrids maintained during extreme drought ?
Experiments were conducted to study the responses of two sorghum hybrids of differing phenology and their respective parents to extreme drought stress in the field during the drought years of 1986 and 1987. Biomass and grain yield at final harvest were analysed in relation to the phenology of the genotypes in order to determine the importance of phenology for adaptation to extreme environments.
MATERIALS AND METHODS
The experiments were conducted at the Indian Agricultural Research Institute (77m12hE, 28m40hN), New Delhi in 1986 and 1987. The soil at the experimental site was Indo Gangetic Alluvium Typic Ustochrept with a mean depth of 150 cm and a bulk density of 1n55 g\cm$. The soil water contents at k1n5 MPa and k0n033 MPa were 4n5% (w\w) and 18 % (w\w) respectively. Two sorghum hybrids, CSH-6 and CSH-9 which differ in the time required to reach maturity were chosen for study along with their inbred parental lines. The female parents of the medium duration hybrid CSH-6 and the long duration hybrid CSH-9 were inbreds 2219B and 296B respectively. The common inbred male parent of both hybrids was CS 3541.
Experiment
The experiment was sown on 15 July 1986 in a splitplot design with irrigation treatments as the main plots and genotypes as the sub-plots with three replications. The sub-plot size was 20 m#. The interrow plant spacing was 50 cm and a population of 20-22 plants per m# was maintained. A fertilizer application of N : P : K at a rate of 20 : 40 : 60 kg\ha was applied at sowing and an additional top dressing of 30 kg N per ha was applied one month after planting. There were two moisture treatments in which the plants were grown either under rainfed conditions or received 5 cm of irrigations at the vegetative, boot leaf, and grain-filling stages.
Dry matter accumulation and leaf area was measured for all genotypes and treatments during the vegetative stage, at anthesis and at final harvest. Sampling during the vegetative stage was carried out at 11 days after sowing (DAS), 24 DAS and 42 DAS respectively. Plants were harvested from a 0.5 m# area within all three replicates and leaf area was recorded using a leaf area meter (AAM7, Hayashi Denkoh Co, Japan). The remaining plant material was dried in an oven at 80-85 to constant dry weight. The leaf laminae were also oven-dried after determining their area. Crop growth rate was computed from the dry matter accumulation data.
At maturity, a 4 m# net plot area was harvested from all three replicates of each genotype and treatment to determine total dry matter, grain yield and its components. The numbers of plants per m#, panicles per m#, grains per m# and 1000-grain weight were recorded. Harvest index was calculated as the ratio of grain yield to the total above-ground dry matter per unit land area.
experiment
The onset of the monsoon at Delhi was delayed by 51 days. Hence, the two sorghum hybrids and their parents could not be sown until 20 August. The layout and the fertilizer application were identical to the 1986 experiment. In the irrigated treatment, two irrigations (5 cm each) were applied during the vegetative (18 September) and boot leaf stage (8 October) for the early genotypes. A third irrigation was given on 13 November to the long duration genotypes only. At maturity, dry matter accumulation, grain yield and its components were recorded for all genotypes and treatments. The procedures were identical to that for the 1986 experiment.
Statistical analysis
The experimental data were subjected to statistical analysis using ANOVA. In 1986, yield and yield component data at final harvest were not available for the rainfed treatment of CSH-9, CS3541 and 296B. For statistical analysis, an arbitrary value of 0.01 was therefore used instead of ' 0 ' for these genotypes. In 1987, as yield data at final harvest were available only in irrigated treatment of CSH-6 and 2219B, the data were not subjected to statistical analysis.
RESULTS

Experiment
Weather Average rainfall at Delhi between 15 June and 15 October is 661 mm received over 30 rainy days (based on long-term mean rainfall data). In 1986, total rainfall received during the growing season was only 241 mm, or 38 % of the long-term mean. The rainfall received after the crop was sown amounted to 122 mm spread over 10 days (Fig. 1) . Consequently, the sorghum hybrids and their parents were subjected to severe water stress throughout the crop growth period under rainfed conditions.
Phenology
In the irrigated plants, flowering occurred at 58 and 64 DAS for 2219B and CSH-6 respectively, while CSH-9, CS3541 and 296B flowered at 84, 87 and 80 DAS. Severe water stress delayed flowering by more than a month in both CSH-6 and its female parent 2219B. The long duration genotypes, both hybrid and parents, did not complete their flowering under rainfed conditions. The duration from first to last flowering 1986 ; b, 1987. was 10-15 days in the irrigated plots and 30-35 days in the rainfed plots. Hence water stress induced asynchrony in flowering in sorghum.
Leaf area development and dry matter accumulation
Both hybrids, CSH-6 and CSH-9, had significantly higher leaf areas than their parents at 42 DAS and anthesis under irrigated conditions (Table 1 , P 0n05). However, under rainfed conditions, both hybrids maintained significantly higher leaf areas than their parents only up to 42 DAS (P 0n05). Subsequently, the leaf areas of the hybrids and the male parent were similar (Table 1) . At final harvest, above-ground dry matter accumulation in hybrid CSH-9 was significantly (P 0n05) greater than in the parents under both irrigated and rainfed conditions (Table 2 ). In hybrid CSH-6, DM accumulation was similar to the better parent under both irrigated and rainfed conditions. Hybrid CSH-9 also accumulated the highest dry matter at final harvest of all genotypes.
The measured growth rates during the vegetative (11-24 DAS), pre-anthesis and post-anthesis periods show the significantly higher growth rates of the hybrids under both rainfed and irrigated conditions ( Table 3) . As the genotypes matured at different times, the daily growth rates for the entire cropping season of each cultivar were calculated separately to compare their growth. CSH-6 had a seasonal mean growth rate of 19n44 g\m#\d, which declined to 6n65 g\m#\d under rainfed conditions. Likewise CSH-9 had a seasonal mean growth rate of 18n01 g\m#\d which was reduced to 7n27 g\m#\d under rainfed conditions. Crop growth rates (CGR) decreased between the pre-and post-anthesis periods 
in both hybrids under irrigated conditions (Table 3 ). The reduction in CGR during the post-anthesis period was greater in the long duration hybrid, CSH-9, than in the short duration hybrid, CSH-6. Under rainfed conditions, the CGR of CSH-6 doubled from 5n25 g\m#\d during the pre-anthesis period to 10n1 g\m#\d during the post-anthesis period, possibly because CSH-6 had an active sink in the developing grains at this time. The medium duration hybrid and the shortduration parent 2219B produced panicles in response to the late rains in September but no increase was observed in the CGR of CSH-9 ; in fact, CGR decreased by half. This effect may be explained on the basis of phenology and a lack of active sink demand. Since CSH-9 is a long duration hybrid, the soil moisture may not have been adequate to complete flowering and drive crop growth.
Yield and yield components
Both hybrids exhibited heterosis in grain yield under irrigated conditions (Table 2 , P 0.05). In the rainfed treatment, the long duration genotypes, whether hybrids or parental lines, did not exhibit panicle emergence because of the severe soil moisture deficit and hence did not produce any grain yield. However, in the short-and medium-duration genotypes, panicles emerged in response to the additional soil moisture 
made available by the rains at the end of September (Fig. 1) and hence produced grains. The yield of the rainfed crop was, however, much reduced compared to the irrigated treatment. Water stress decreased grain yield by 66 % and 78 % in CSH-6 and 2219B, respectively and the harvest indices of both genotypes were also reduced. The reduction in the hybrid CSH-6 was less than in its female parent (Table 2) .
Water stress significantly reduced the number of plants and panicles per unit land area (Table 4 , P 0n05). Grain yield in non-irrigated plants was decreased more by a reduction in grain number than by a decrease in grain size. Thus grain number and 1000-grain weight were reduced by 54n2 and 26n5% respectively under rainfed conditions in CSH-6 and by 65 and 35 % in 2219B. Thus the reductions in grain weight and number due to water stress were greater in 2219B than in the hybrid CSH-6.
experiment
The initial available soil moisture at sowing was 177n4p10n2 mm to a depth of 150 cm. One week after sowing, there was a heavy rain of 102 mm on 28 August, but thereafter there was no further rain during crop growth except for 19.4 mm received on three rainy days. In consequence, the unirrigated crop 
experienced severe water stress throughout its growth period. The extraordinary delay in sowing of the crop, coupled with the severe water stress, caused panicle initiation to be delayed in all genotypes. Panicle initiation occurred at 47, 50, 53 and 54 days after sowing in 2219B, CSH-6, CSH-9 and 296B respectively in the unirrigated plots, but had not occurred in CS3541 by 55 DAS. There was no respite from water stress during the later stages of the growing period, so the plants did not develop and there was no panicle emergence in non-irrigated plants.
Under irrigated conditions, 2219B and CSH-6 flowered at 58-60 DAS, while CS3541, 296B and CSH-9 flowered at around 90-97 DAS. Normal grain filling was observed in 2219B and CSH-6, while in the long-duration genotypes the ears were sterile with no grain development. This may have been caused by the prevailing low temperatures (18p1 mC, mean monthly average) at the time of flowering in November 1987 (Fig. 1) . Grain yield and its components for the shortduration genotypes 2219B and CSH-6 are given in Table 5 . The hybrid CSH-6 yielded more than 2219B but there was no panicle emergence in the unirrigated treatment of either genotype due to severe water stress, hence no grain was produced.
Water stress greatly reduced biomass production in all genotypes (Table 5 , P 0n05). Although there was no significant difference between CSH-6 and CS3541 under irrigated conditions, CSH-6 accumulated significantly more biomass under stress (P 0n05). CSH-9 accumulated significantly more biomass than its parents under irrigated conditions (P 0n05), but under water stress there was no significant difference.
DISCUSSION
As 1986 and 1987 were both drought years (total rainfall 24n1 and 23n2 cm respectively), this provided an opportunity to study the response of sorghum hybrids and their parents to water stress under field conditions. Irrigated crops of GSH-6 and CSH-9 exhibited yield heterosis ( Table 2 ). The harvest index of the hybrids was either similar to their female parent or was intermediate between the male and the female parent (Table 2) . These results support earlier observations that any yield increase in hybrids over their parents occurs due to an increase in biomass, while retaining the harvest index of the better parent (Jayasuriya 1985 ; Blum et al. 1990) . The hybrids have a complementary relationship between sources and sinks which leads to yield heterosis (Sinha & Khanna 1975) . Both hybrids exhibited heterosis in leaf area and developed larger panicles than their parents (Table 1) . Blum et al. (1990) analysed the heterosis in biomass production and carbon exchange rate in pot grown sorghum plants which experienced drought stress prior to panicle emergence. Significant heterosis was observed for biomass, grain yield per plant and grain number per panicle. The limitation of such studies is that water deficit stress is created in a much shorter time than what actually occurs in the field.
In the rainfed treatment, the intensity of water stress was so severe that the long-duration genotypes failed to reach panicle emergence and therefore did not produce grain. The short-duration genotypes, CSH-6 and its female parent, capitalized on the late September rains to complete their life cycles, even though anthesis was delayed by more than three weeks. CSH-6 performed better than its female parent (Table 2) , even though its phenology was similar (Misra 1978) . Thus, early flowering tends to give greater yield stability than late flowering if there is no rain during the later parts of the growing season (Ludlow & Muchow 1990 ; Blum 1993) . In fact, in India increases in the productivity of hybrid sorghum have become a reality by matching the crop growth period with water availability during the growing season (Rao et al. 1986 (Rao et al. , 1989 .
The drought resistance of crops is often evaluated on the basis of stability of grain yield (Sinha et al. 1986) . Most studies have shown that stable genotypes are characterized by moderate or low yield (Seetharama et al. 1982) . In the present study, although there were insufficient treatments to calculate stability, the results obtained indicate a consistency of biomass production in the hybrids. If grain yield is taken as the criterion, then CSH-6 is drought tolerant, while on the basis of above-ground biomass accumulation, CSH-9 was also drought tolerant, even though it produced no seed. Therefore, the two hybrids showed contrasting performance under field conditions based on their phenology and duration. Sorghum is widely grown as a rainfed crop and farmers frequently depend on sorghum for their fodder requirements. Since fodder is as important as grain under drought conditions, growing hybrids should provide a considerable advantage as compared to inbreds (Table 2 ). In fact, local sorghums are still popular with Indian farmers because of their superior fodder in terms of both quantity and quality (Singh & Singh 1995) .
